similar, though luckily only one side needs polishing and, even better, a thin film does not need to be prepared.
Spatial resolution of the EBSD technique is limited to 10-20 nm by the effect of the electron dispersion in the bulk sample [9] , while the spatial resolution in modern TEMs using Convergent Beam Electron Diffraction (CBED) is only limited by the need for a minimum number of atoms to behave like a crystal, the practical limit being about 1 nm. In fact, electron diffraction has been conventionally used in TEM for decades. Unlike TEM, with EBSD large areas of bulk samples can be studied with fast and automated acquisition and analysis of the patterns. Both techniques have developed counter-attack strategies to overcome their own limitations. On the one hand, in TEM it is now possible to plot orientation maps in an automated way using the Precession Electron Diffraction (PED) technique [10] , where the focused beam is scanned at a constant angle around the optic axis [11] . Using a slower procedure than EBSD, they achieve a spatial resolution of up to 1 nm.
On the other hand, it is now possible to perform EBSD experiments in the SEM in transmission mode (t-EBSD, also referred to as TKD [12] ) to improve the spatial resolution below 10 nm. Generally speaking, SEM-EBSD is better for fast and large automated electron diffraction maps of bulk samples, whereas TEM-PED is more appropriate for high-resolution orientation maps of small, roughly tens of square micrometers, thin-film samples. Now that EBSD has been established as a common tool for material characterization, two main development lines are underway: quantitative strain mapping and accurate phase identification. EBSD strain mapping has always been possible in EBSD due to the presence of dislocations in the diffraction volume that produce pattern blurring. Thus, we can use the pattern sharpness (through the so-called Band-Contrast component) to represent, in a qualitative manner, the specimen strain. Strain mapping can also be performed more sophistically by calculating the scalar misorientation between the pixels of an individual grain [13] . High-sensitivity cross-correlation analysis between the strained EBSD patterns and a strain-free reference pattern is currently used to obtain quantitative strain information with a sensitivity of about 10 -4 [14] . One of the problems of applying this method to polycrystalline materials is the need for accurate pattern simulation, because it is not generally possible to have experimental strain-free patterns in random orientations. To overcome this drawback, many-beam dynamical calculations have been applied [15] and have also led to important developments in accurate phase identification that are already commercially available [16] .
To sum up, in an EBSD experiment a set of backscattering diffraction patterns are collected from the well-polished surface of a bulk sample, one pattern by each pixel of the surface image. The acquisition time is usually from 10 to 200 ms per pixel and the best available spatial resolution is 10-20 nm. These patterns are indexed on-line, i.e. the crystalline phase to which the grain belongs is identified and its 3D crystallographic orientation determined, but usually they are subsequently re-analysed off-line using more sophisticated routines. From this information it is possible to plot maps using different components to provide information on diverse microstructural and crystallographic parameters: phase identification, crystallographic orientation (including grain size and morphological grain statistics), strains, lattice correlation boundaries, and sigma values obtained in the Coincidence Site Lattice (CSL) [17] framework to classify boundaries, etc. The possibilities offered by the EBSD experiments are increasingly used for material characterisation and can also be exploited to characterise ancient materials and highlight their local crystallography.
EBSD in the fields of Art and Archaeology

Metallic materials
In art and archaeology, EBDS has been more often used to study metallic samples, mainly focusing on the metallurgical properties of iron, silver or copper alloys. The earliest references in the literature correspond to the research by Mapelli, Nicodemi and co-workers on ancient swords and nails aimed at improving knowledge of the metallurgical techniques related to iron materials [18] [19] [20] [21] . EBSD enabled the orientation map of each scanning area to be defined and to determine the Orientation Distribution Function (ODF). SEM-EBSD analysis identified the crystallographic textures (the preferential orientation of the crystals)
and their distribution within different areas of the samples. This then highlighted a forming process that produced interesting mechanical properties in the metal products.
Sullivan and co-workers also focused on the characterisation of iron alloys, used in ancient Indian swords [22] [23] [24] [25] . EBSD was used to analyse the nature of the carbides in ancient wootz steel blades because these carbides are useful in determining the deformation and metallurgical history. Wootz is the name given to a crucible steel manufactured in India.
Ancient wootz objects are classed as high carbon (hypereutectoid) crucible steels and are characterized by high strength, hardness, and resistance to wear, and especially their attractive surface pattern [24] . From EBSD data, crystallographic orientation, spatial distribution, and/or ripening were displayed in high-magnification Euler angle maps of the fine carbide phase. As well as obtaining the crystallographic orientation from the Kikuchi patterns, the contrast of the patterns was also mapped through the Band Contrast component.
This provides a measure of the degree of lattice disruption and thus reveals low-angle grain boundaries and dislocation density. Band Contrast maps in a grey-scale represent to some extent the presence of strains and can highlight important microstructural information.
Azoulay and co-workers proposed EBSD as a suitable method to study ferrous corrosion products on iron archaeological objects [26] . An understanding of corrosion mechanisms requires a thorough investigation of the chemical, mechanical and morphological characteristics of the Fe(II)-based layer that develops between the metal surface and the environment. SEM-EBSD offers the possibility of phase characterisation and microstructural study under vacuum and consequently protected from air. In Azoulay and coworkers' study, firstly EBSD patterns were used to identify crystalline phases and the results were compared to those obtained by micro-Raman spectroscopy. Local EBSD maps were then obtained in two scanning modes to reveal the repartition of mineral phases in a heterogeneous section and to obtain the relative crystallographic orientations of grains.
Finally, various phases, such as magnetite, siderite and ferrous hydroxychloride, β-Fe 2 (OH) 3 Cl, were fully characterised by EDS/EBSD-SEM, however electron diffraction patterns were not obtained from some of the compounds present in the studied samples. This could have been due to poorly ordered and poorly crystallised phases, highly heat-sensitive compounds, or to problems during sample preparation.
Silver alloys are another type of metallic material that have also been characterised by EBSD.
Wanhill used automated EBSD to improve the analysis and assessment of corrosion-induced embrittlement in ancient silver [27] . Corrosion, and also microstructurally-induced embrittlement, can have catastrophic consequences for the object's integrity, which is why recognising these mechanisms and understanding the extent of the problem are essential for conserving ancient silver artefacts. Lejček and co-workers studied the structure/property relationship in polycrystalline materials from the selective intergranular corrosion observed in archaeological artefacts manufactured from a Ag-1%Cu alloy (dated to the 10th century AD) [28] . EBSD enabled individual grain boundaries to be identified and their crystallographic maps were then evaluated to examine the selective corrosion attack: the general grain boundaries were preferably attacked.
Northover and Northover used EBSD to compare the microstructure of modern and ancient (about 2500 years old) cast silver-copper alloys [29] . The work used a combination of SEM,
EDS, EBSD, TEM, Scanning Transmission Electron Microscopy (STEM) and Optical
Microscopy to explore the microstructure. EBSD Band Contrast and Crystallographic
Orientation maps were plotted to study different areas. Both alloys were characterised by Agrich dendrites with a few pools of eutectic and occasional cuprite particles with an oxidised rim on the outer surface. EBSD showed that the dendrites had a complex internal structure, often involving extensive twinning. The ancient cast Ag-Cu alloys also showed twinning in a similar as-cast grain structure, however EBSD orientation images suggested cellular growth at the boundaries, which was not observed in any of the modern Ag-Cu alloys. Although TEM diffraction patterns were useful in determining the crystallography of various fine Curich precipitates, EBSD is the only technique that can provide the necessary crystallographic information over a wide enough area, in order to locate and examine a sufficient length of ascast grain boundaries thus identifying and characterising any modifications. Wanhill and coworkers had already used EBSD to illustrate boundary changes identified as age-related in Ag-alloys from several archaeological contexts [30] .
Peruzzo and co-workers also exploited EBSD for the characterisation of bronzes, Cu-Sn artefacts [31, 32] . EBSD was used to measure crystal orientation and phase distribution, and to interpret the elasticity of some objects based on their microstructure.
Other possible uses of EBSD include analyses of vitreous materials, such as ceramic glazes or glass. These types of amorphous materials can contain crystalline micro-particles related to the production technology (e.g. raw materials, firing process) or to the optical properties (e.g. opacity and colour). EBSD analysis can help to define the nature of these crystalline particles, which are impossible to distinguish by conventional methods in bulk samples such as XRD or EDS-SEM. This limitation can be due to one or more of the following reasons: (i) the particles are too small; (ii) there are too few particles; (iii) the particles are too strictly integrated in a complex texture to provide a recognizable signal, or to be separated and concentrated; and (iv) their chemical composition does not enable different minerals to be distinguished [35] . For instance, the yellow-orange decoration of Italian Sgraffito polychrome slipware (second half of the 15th to the 16th century AD) contained micrometric crystals of synthetic bindheimite, a lead antimonate, dispersed in the lead-based glaze and responsible for the colour [35] . The same authors also used EBSD to identify nearmillimetric residues of raw materials, such as metallic copper, cuprite and the micrometric iron-containing heterogeneities, in red mosaic glasses by means of the backscattered electron diffraction patterns.
One of the main difficulties in the EBSD study of glassy materials may be due to the polishing of the specimen in the preparation of the sample. In fact, a good surface state is needed to produce a sufficiently sharp pattern to be indexed, and differences in strength between the tiny crystal particles and the surrounding matrix could cause a differential polishing of the crystal surface. As indicated in Section 1, since the specimen is ~70º tilted with respect to the electron beam, there is shadowing in the boundary between the glass and the crystalline phases, which prevents any analysis of the small particles. It has been demonstrated that a compact and amorphous vitreous matrix is appropriate for an EBSD microstructure [40] [41] [42] [43] . An in-depth study of the chemical and crystallographic composition can therefore highlight the features related to the origin and technology of the pigment found in archaeological contexts.
Many studies on Egyptian blue have been carried out using EDS-SEM, and complemented with XRD [41, 42] . XRD provides a bulk analysis of the overall powdered material, however, a minimum amount of Egyptian blue is needed to produce a representative X-ray powder diffraction pattern. This minimum amount is typically larger than what is usually available for this type of pigment in archaeological remains. Hence the possibility of using a single sample preparation to obtain chemical, microstructural and crystallographic information by SEM-EDS and EBSD could be very useful for art and archaeometric studies. In the last few years Egyptian blue has also attracted the interest of material scientists, since the mineral cuprorivaite exhibits exceptionally high emission quantum efficiency in the near-infrared region [44, 45] .
Microstructural observations were performed using a Field Emission Scanning Electron
Microscope (FESEM) model Merlin from Carl Zeiss NTS (Oberkochen, Germany). This microscope was equipped with an INCA350 Energy Dispersive Spectroscopy (EDS)
apparatus from Oxford Instruments (Abingdon, Oxfordshire, United Kingdom). EBSD experiments were also performed with the same microscope using an HKL detection system from Oxford Instruments.
For the EBSD experiments, test specimens were prepared from the (porous) Egyptian blue samples by epoxy resin impregnation into conventional metallographic moulds. Surface preparation was accomplished using a progressive lapped and polishing method previously tested on ceramic samples [46] . Thus, the specimens were first ground with SiC paper (P2500 and P4000) using a polishing wheel at 40 rpm and a load of 2.5 N. They were then polished with diamond slurry (3 µm and 1 µm of particle size, 120 rpm, 2.5 N load, 3 minutes each step) and with colloidal silica (OP-U Suspension from Struers, Denmark) at 100 rpm for 15 minutes. Finally, the specimens were carbon coated to avoid charging. Although in the SEM it is possible to use in-situ charge compensation for non-conductive samples [47] , a sample coating was applied because the experiment was not limited by the grain size and highenergy incident electrons could be used.
In the microscope, the sample was tilted 70º, with respect to the incident beam, towards the CCD camera (1024 x 768 pixel) of the EBSD detector and placed at 14.5 mm of working distance (from the SEM pole piece). The accelerating voltage used was 30 kV and the probe current 1.2 nA. For each pixel of the scanned zones, the EBSD patterns (Kikuchi patterns) were recorded four times during 40 ms and averaged out to reduce noise. The total acquisition time was between 55 minutes and 5 hours, depending on the map size. After a first on-line fast indexation of the recorded EBSD patterns, the full set of patterns were analysed once again off-line following the more accurate Advanced Fit (AFI) routine of the Channel5 software (seven Kikuchi bands detected; Hough space resolution: 60) [48] . Where the angular deviation between the experimental and fitted pattern was higher than 2º, it was discarded and marked as non-indexed in the map.
In the previous SEM observations, the pigment showed a heterogeneous very porous microstructure (Fig. 2) , with chemically different phases. The compositions (in wt%) of the three major phases were determined by EDS from the intensity of the characteristic cation peaks (oxygen content was determined by stoichiometry): i) a calcium-copper silicate silica (SiO 2 ). The first phase matched with the cuprorivaite composition. The second phase was assumed to be an amorphous glassy phase, already mentioned by other authors who had studied Egyptian blue pigments from several origins [40, 41, 43] . This phase helped to connect the calcium-copper silicate crystals and other grains included in the porous microstructure.
In the EBSD experiments, several specimen zones were explored to check and quantify the presence of the cuprorivaite, the main phase associated with the Egyptian blue pigment.
Three other Si-based crystallographic phases (wollastonite, quartz and tridymite) were considered to fit the experimental EBSD patterns. Their crystallographic parameters are listed in Table I . A typical pattern of a cuprorivaite grain showing the fitted bands is shown in Fig   3. Although the patterns were not of high quality, they were sufficient for automatic phase discrimination. Once every pixel of the scanned zone had been indexed, it was possible to build-up a phase map where a different colour was assigned to each phase. The noise in the orientation map was reduced by removing the isolated non-indexed points, which were filled using copies of the neighbouring points (if at least six were identical). This noise reduction process was iterated until convergence. The backscattered electron image, the electron forescatter image and the phase map of a 210x154 µm 2 zone scanned with 2 µm step size are shown in Fig. 4 . The main phases are marked in Fig. 4a . In this phase map, the Band Contrast and Band Slope components were added to reveal various microstructural features. The blue areas in Fig. 4c correspond to cuprorivaite, the major phase in this case. In addition, various amounts of tridymite (green), quartz (yellow) and wollastonite (red) were observed. The nonindexed areas can be categorised into three regions. The bright areas in Fig. 4c correspond to rough zones where shadowing in the backscattered beam produced artificial high contrast patterns. These rough zones stem from incomplete resin infiltration or grain breakage during specimen polishing. They were discarded in the map analysis by thresholding the image using the Band Slope component. The other dark non-coloured areas in Fig. 4c are nondiffracting glassy grains and resin-infiltrated pores. The pores were separated from the glassy zones by analysis of images obtained with backscattered electrons. Another larger area, with the same map representation as in Fig. 4c , is shown in Fig. 5 .
From the phase maps it was also possible to obtain several microstructural parameters describing the samples. The percentage volume of the different phases in several analysed zones is presented in Table II , including the glassy phase. These quantitative phase data (not easy to calculate with other methodologies) could also highlight interesting differences between pigments. The grain size and aspect ratio distribution of cuprorivaite are shown in From the pole figures, it is evident that, as expected, there was no crystallographic texture in the samples. These microstructural characteristics of the cuprorivaite grains could be useful to identify the source of pigments from different archaeological findings.
Conclusions
The results discussed in the previous sections show that EBSD is suitable for identifying compounds used or generated in works of art or archaeological objects and for highlighting their local crystallography. Although good sample preparation is crucial to obtain wellresolved EBSD maps and phases, this step is no more difficult than other SEM preparations.
EBSD also has good spatial resolution (10-20 nm) and shorter total times for obtaining and processing the data, compared with other techniques, such as TEM. In addition, EBSD is the only technique that provides the necessary crystallographic information over a wide enough area. EBSD provides phase identification and crystallographic parameters that can be added to the chemical information of the ancient material, which would be very useful in archaeometric or conservation studies. Finally, using a single sample preparation to obtain chemical, microstructural and crystallographic information by SEM-EDS and EBSD would be very convenient in art and archaeometric studies. Table I . Crystallographic parameters of the studied phases. Table II . Volume percentage of the different phases obtained by EBSD. The data of the glassy phase and porosity, which correspond to the non-diffracting areas of the maps, were discriminated using image analysis.
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